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The allowed neutralization due to tune shift and electron-proton instability 

are estimated. Preliminary estimates shaw that this neutralization is achievable 

without a field gradient in the bending magnets. 

When the beam is partially neutralized by electrons trapped in the beam's 

electric field, the tune shift due to the beam itself can be written' 

AQsp ch . . 
where n = fractional neutralization and all other symbols are as in the CERN 

Synchrotron Design Handbook. Thus, for a change in neutralization 

For preliminary POPAE parameters 

2b.Q N- 2x1o15x1 5x1o-18x1 5xlo3 . I = 10A 
arl m1.5x10-3x7.5x10-3x4x~o x4.3x102 l 1 E = 400 Gev 

= - 7.4. If AQ' is the< allowable 
*Q ' of the space charge then nallowed = 74 . 

change in tune shift due to neutralization 
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Based on ISR experience where AQ sp.ch. m few x 10 -2, let's take AQ' = 10m2 as 

being reasonable so r~ ; 10 -3 seems ok. 

Note that for fixed energy nallmed 0~ $ 
P 

so that if we are ok at full current, we are still ok at lower current provided 

that the sweep out time for the electrons varies no mre rapidly than the inverse 

of thebeamcurrent. 

One must also avoid electron proton instability thus setting an upper limit on 

the nmiber of electrons that may accumulate in the beam. To check on this, we use 

the criterion given by Keil' 
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Q=betatrmtune v 40 

% 
= proton bounce freq. 

Qe = electron bounce freq. 

AQ's = tune spreads which give-Landau damping 

Q; = 2NpreR i 2 N 
Qp 

2.riNprpR 

rb(a+b)B2 .rr02yb(a+b) 

Q2 N 2x2x1015x2.81x10-15x1.5x103 
-3 = 0.48~10' = 5x108 e TTxl.5x10-3x7.5x10 

2 
% 

N 2~x2x1015x1.5x10-18x1.5x103 
1~x1.5x10-~x7.5x10-~x4.27x10~ 

= o.59TW104 = 6~10~11 
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The effective betatron tune spread across the beam (AQ) may be y 0.1 so 

*Q/Q - 2.5 x 10 -3 . The electron bounce frequency will vary both across and 

along the beam awing to variations in the beam charge density. The variations 

along the beiun will be caused by the changing betatron qqlitude and dispersion 

functions. Changesacross the beam will be due to the stacking process and 

subsequent diffusion pr ;ses . We ignore the latter and estimate from the 

B(s) 's and Xp’s of the preltiary parameters 

ha, . 1 A(ab) 
vzLi 'Tab 0 = -.04 

-e 

so s < 40 /w = 0.4 or 4 < 0.16 

Thus the requirement on q is 6x102q 5 0.16 

or n 5 i.7xlo-4 

Within the accuracy of this limit, then the electron proton instability gives the 

tightest requirement on rl. For the present purposes then we take as our criterion on 

that 

$ 2x10 -4 nIlW I 

Again, returning to the stability criterion, note that 

2 4Q 

% 
d Q2 . % -$- or 

e 

'allowedNp a 1, , y2 constant 

s/- N 
P 

I so 'allowed cc N 3/2 so that if we are ok at N we should be ok at 
YKBX 

P 
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injection again provided that the electron drift velocity towards the clearing 

electrodes doesn't fall faster than N 312 
P l 

Electron Formation 

If all electrons struck out of atoms by the protons are captured in the beam 

potential well, then the rate of accumulation of ions in the beam is given directly 

by the It-inimum dE/dx. As our model, we chase N2 as the residual gas. 

dE 
dx = 1.82 !XeV/gm/cm2 i PN = 1.25~10-~ gm/cm3 

2 

so dE 
dx = 2.28 KeV/cm at STP. The energy loss per ion pair for N2 is 33.3 eV 

me 2.28~10~ so -= dx 33,3 = 68 ion pairs/cm path at STP. 

Thus the creation rate per proton per cm of path is 

n = .68x102 x 
C 

$&x f. where P is the N2 pressure in Torr and f. is the 

revolution frequency. The total ionization rate = nc x circmtference 

NC = g ~3xlO'~P E 2i7Pr109/proton/sec . 

This is to be ccmpared with the experimental number from the ISR2 of NC = 1.4PX109 

which takes account of the gas ccanposition and the fact that a few of the &-rays escape 

the beam directly. 

We use the ISR nurtber &$ what follows and have thus 

n = &j P f. = 4.5x10y2P f. electrons/cm c . 

Assume that the clearing electrodes are separated by a distance L and take one 

of them as the origin. At equilibrium the nmber of electrons per un of path par 
n 

beam proton is n(s) = $ l 
s where s is the distance frcm the origin along the beam 

D 
orbit and vu is the drift velocity of the electrons - assumed to be along the orbit 

also, though this is not strictly true. 
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By definition q = N , N-=fi(s) l C  

P 

so rl = n(s) l C where C = circumference 

n 
sds l L 

“CX and T-I=-. 
2vD 

Inverting to get the vD required for a given r~ we have 

vD 3 
ncLC 
xi-' Substituting for nc 

v > 
4.5xlo-2Pfo.L.c 

D' 
; foC = 3x1010 un/sec 

2rl 

For p u 10-10 Torr, L = 5.9x102 cm T-j = 2x1o-4 

V 
‘D > 

4.5xYo-2x10 -lox5 9x1o2x3x1o1o 
-i G 4~10~ cm/set 

2x10 

Thus for sufficient clearing 

I vD > 4~10~ m/set 

The trajectories of the electrons captured in the beam potential well and the bending 

magnetic field are very ccmplicated and depend upon many parameters. For purposes 

of estimate here only very rough parameterizations are made. Besides their cyclotron 

motion about the bending magnetic field lines * the electrons will generally be 

oscillating along these field lines under the influence of the beam field. The 

electrons will drift along the beam orbit if there is a radial gradient in the 

bending field. The drift velocity due to this effect is 

mere there is no bending field, the "'themal velocity" of the electrons directed 
parallel to the beam will serve to caqy them along tmards the clearing electrodes. 
Typical velocities will correspond to a few volts of v N low6 m/set. 
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w 
C 

= cyclotron freg. = g 

vL - orbital velocity of electron perpendicular to the bending field and 

will be characterized by sm k&tic energy eV v 2: 
I 

V 
II 

= velocity of electron along bending field lines. 

v,,2 will depend upon the electron bounce frequency and arqlitude of oscillation, 

Within the hem, the electron field will be radial only 

E =eE wherep = charge density 
0 

P - 2x1015 -1 
2x1O-3x8x1O-3x1O4 

yj- x 1017/m3 

so Er - 
1.6~10-~' x+x10 l7 2 x L 

lo-g 
36~ -N 36mx106r - 108r V/m 

For a radially directed electron in this field 

mif =eEr = 108er 2 -i x108r = 0 

SO We =/&ii? = /,/v = /fz = .42x1010 

fe w .07x1010 = 7x108Hz. For an amplitude of oscillation of 10'3m 

then v 
II 

N 4~1O-~x7xlO~ = 2.8x106m/sec 

For eV = 30 volts x 3~10~ m/set = 3.3~10~ m/set 
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For B = 1.8~ m c  = 1*6x10 
--l'xl 8 

l 

9.1lx1o-31 
= .32x1012 

For a gradient similar to the ISR, i.e. B,,?B = 3T/m 

lo-l2 
'D X & ($- X9+9)X1O12 w 70.3 m/set "-XT- . 

which is hopelessly small. 

In addition to any gradient drift, there will be a drift along the orbit due to any 
El 

radial electric field, vD = G . For an electron at a position > 1 mun radially out 
B 

from the beam corethen 

ib' "o>--- - - 1.8 .5x105m/sec which is more than adequate to clear the beam to the 

estimated level. Since this velocity is essentially 10 times the required velocity, 

it may be necessary to have clearing electrodes at every guadrupolq for example, the 

quads king spaced at intervals of 4 magnets, an d still leave a factor of two safety. 

Clearly there is a problem at the center of the beam where the radial ccmponent 

of the fseldand therefore the drift velocity is small. Electrons will tend to diffuse 

out of tiirs region due to heating by impacts of the proton beam, by scattering on the 

residual gas and by $ X 6 drift due to the longitudinal ccmponent of the beam's 

field. The proton heating and gas scatter&ng diffusion need looking at, but the 

last effect - drif% ;perpendieul~ to,bothB and the orbit direction - is very 

effective since a very small amount of drift carries the electron quickly into a 

high radial field region. To estimate the magnitude of the longitudinal ccmponent 

of the beam electric field, which owes its existence to changing beam shape along the 

orbit, note that in 30 m the beam width changes by W 4 mm as xp changes. This gives 

an angle W & mr to be applied to the transverse component of the beam field 
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so 

so 

E&-i&t Er-g x 1O8x2x1O-3 2 13 V/m 

13 
v=1.8 - 10 m/set. tiich sho3ld be adequate. 

To sum itallup: 

probably doesn't have to have gradient magnets for ion clearing. 

1 E. Keil, Intersecting Storage Rings, CEHN 72-14. 
2 R. Calder et al, Vacuum Conditions for Proton Storage Rings, 9th International 

Conference on High Energy Accelerators, SLAC, May 1974. 


